tal animals 12 14 . A similar result has been obtained recently with krill PS, which has a high content of n-3 fatty acids 15 .
Yael Richter et al. demonstrated that n-3 PUFAs-PS might have a favorable effect on memory in individuals with subjective memory complaints 16 . A further study focusing on the cognitive functions of the developing brain showed that feeding with DHA and/or PS supplementation improved oxidative parameters in the brain, enhanced glutathione peroxidase activity, and reduced nitric mono-oxide levels in the liver 17 . However, there are no reports showing the effect of n-3 PUFAs -PS on lipid metabolism. In this present study, we comparatively evaluated the effects of EPA-PC and EPA-PS on lipid metabolism in mice. In addition, the underlying mechanisms on lipid metabolism were investigated.
Materials and methods

Preparation and characterization of EPA-PC and
EPA-PS The fresh sea cucumber, C. frondosa, was purchased on the Nanshan aquatic market of Qingdao. And total lipids from the body wall of sea cucumber C. frondosa were extracted according to the modified method of Folch et al. 18 .
EPA-enriched phosphatidylcholine EPA-PC were separated following the methods as previously performed 19 .
Briefly, Total lipids mixed with 0.15 M NaCl solution was placed into a separatory funnel and kept for 24 h to thoroughly clear the bottom chloroform phase. The chloroform solution was evaporated to dryness under vacuum. Then EPA-PL was separated from neutral lipids and glycolipids by silica-gel column chromatography using chloroform, acetone, chloroform-methanol 9:1 , chloroformmethanol 2:1 and methanol sequentially as eluents. The methanol eluent was collected and EPA-PC was obtained after removal of organic solvent under vacuum. EPA-PS was biosynthesized from the extracted EPA-PC according to the methods described by Hossain et al. 20 .
Briefly, EPA-PC dissolved in diethyl ether and then mixed with L-serine and phospholipase D Degussa, China in buffer solution with 50 mM natrium aceticum and 50 mM calcium chloride for 6 hours at 37 . Then the mixture added the miscible liquids with chloroform and methanol was placed into a separatory funnel for 24 h to acquire the bottom phase. The purity of EPA-PC and EPA-PS was confirmed to be 87.6 and 87.1 according to high performance liquid chromatography 21 . The fatty acid compositions of the two phospholipid were determined by the method of Lou et al. 22 . And the results are given in Table 1 .
The main fatty acid composition of EPA-PC was similar to EPA-PS, in which the EPA contents were 57.4 and 58.4 , respectively.
Animals and diets
Five-month-old male SAMP8 mice were purchased from Nanjing qingzilan Co. Ltd. Nanjing, China . All animals were used according to the guidelines of ethical committee of experimental animal care at College of Food Science and Engineering, Ocean University of China. Mice were housed in an air-conditioned room with a 12 h light/dark cycle, a constant temperature of 23 2 , and relative humidity of 65 15 . At 9 months old, the mice were randomly assigned to three experimental dietary groups: control group, EPA-PC group and EPA-PS group, and each group contained 7 animals. The control group was fed with AIN-93M diet and EPA-PL group were fed with 2 EPA-enriched PC or 2 EPA-enriched PS containing AIN-93M diet. The diet was prepared every week and stored at 80 after filling Nitrogen. The composition of the diets is shown in Table 2 . The mice had free access to food and water. The diet was changed and weighted every day, thereby daily intake was recorded. After 8 weeks of feeding, mice were sacrificed after a 12 h overnight fasting. Blood was collected by orbital venipuncture and serum was separated. Liver were quickly excised and frozen in liquid nitrogen and stored at 80 until analysis.
Analysis of serum parameters and hepatic lipids
The serum concentrations of TG, TC and HDL-c were measured using enzymatic reagent kits Biosino, China . Hepatic lipids were extracted with the modified method of Folch et al. 18 , and the concentrations of TG and TC were analyzed with the same enzymatic kits as used in the serum analysis. The hepatic lipid was separated by thin layer chromatography TLC 23 and the fatty acid composition of phospholipid and triacylglycerol was analyzed with gas chromatograph as our previously reported 23 , C15:0 as internal standard.
RNA extraction and quantitative real time PCR
Total RNA was extracted from liver using a TRIzol reagent Invitrogen, USA . Total RNA 2 μg were reverse transcribed into cDNA using random primers and Moloney murine leukemia virus MMLV reverse transcriptase Madison, WI .
After cDNA synthesis, quantitative RT-PCR was performed in the Bio-Rad iCycler iQ5 system as described previously 24 . The gene expression was determined by relative quantification using the standard curve method. Results were expressed as the relative values after normalization to β-actin RNA .The primer sequences were provided in Table 3 .
Statistical analysis
The results are presented as mean SE. All data were subjected to analysis of variance using the SPSS software version 18.0; SPSS Inc., Chicago, IL, USA . Differences between three groups were tested by one-way ANOVA, followed by Tukey s post hoc test. The level of significance chosen was p 0.05.
Results
Serum lipids concentration
As shown in Table 4 , the EPA-PC and EPA-PS diet significantly decreased serum TG level by 52.1and 49.6 , respectively p 0.05 , compared to the control group. However, EPA-PC and EPA-PS showed different effects on the cholesterol level. Serum TC level was not notably change in EPA-PS, but significantly increased in EPA-PC diet-fed mice. Interestingly this increase was entirely focused on the HDL-c level.
Hepatic lipids concentrations
Identical to serum TG level, the hepatic TG level were lower in EPA-PC 29 , p 0.05 and EPA-PS 26.2 , p 0.05 groups than that in control group Table 4 . We also observed a similar degree of hepatic TC level decreased in both EPA-PC and EPA-PS diet mice p 0.05 , inverse result observed in serum TC level.
Fatty acid composition of liver
Hepatic fatty acid composition, especially the levels of EPA-PLs significantly decreased delta-9 desaturation indices C18:1/C18:0 , especially in PL composition. The proportion of AA was similar in the TG composition between control group and EPA-PL group. However, in PL composition, it was lower in the EPA-PL group than that in the control group.
Effect of EPA-PL on the levels of genes with lipogenesis
We found that mice fed with EPA-PC revealed a significant decrease in gene expression of G6PDH, SCD-1 and FAS Fig. 1 , which were associated with lipid synthesis, and similar observation was found with EPA-PS. However, the EPA-PS diet revealed a better effect on inhibiting ME expression than the EPA-PC diet. The mRNA expression of Srebp-1c, a lipogenic transcriptional factor, was markedly decreased by EPA-PL diet. However, EPA-PC apparently decreased the gene transcription level of Srebp-2 , which encodes the key enzyme transcription in cholesterol synthesis, compared with EPA-PS.
Effect of EPA-PL on the levels of genes with lipolysis
To determine whether reduction in hepatic TG mediated by EPA-PL supplementation was associated with enhancement in hepatic lipolysis, we performed further analysis. As show in Fig. 2 , gene expression of CPT-1a, that encodes an essential transporter required for initiation of fatty acid β-oxidation in the mitochondria, was higher in the EPA-PL group than in the control group. Similar results were obtained with gene expression of ACOX1, which encodes the first enzyme in peroxisomal fatty acid β-oxidation. EPA-PL group also showed upregulated gene transcription of PPARα and its target genes, Acca1a and Ehhadh. However, no similar changes were observed in gene expression of UCP2.
Discussion
Wang et al. used a metabolomics approach to identify three metabolites of the dietary lipid PC choline, trimethylamine N-oxide TMAO and betaine and then shown to predict risk for CVD 25 . TMAO was also associated with impaired glucose tolerance in high-fat diet HFD -fed mice 26 .
However our previous study suggested that fish oil could ameliorate TMAO exacerbated glucose intolerance in mice 27 , and DHA enriched-phospholipid and EPA enriched-phospholipid could efficaciously alleviate obesityrelated metabolic disorders 11 . To date, there is no direct evidence regarding whether PC enriched with n-3 PUFAs could increase the risk for CVD. Therefore, it is reasonable to explore other n-3 PUFAs enriched PLs such as PS, which could avoid generation of TMAO. And further comparative study is critical to evaluate the bioactivity of EPA-PC and EPA-PS. Consistent results have been obtained supporting the concept that phospholipid from various sources i.e., soybean, safflower, egg and fish roe can reduce liver lipid levels 28 . The reductions of the activities of hepatic enzymes in fatty acid synthesis in rats fed soybean phospholipid were confirmed in the previous study 29, 30 . Egg PC also lowered liver lipid levels by inhibiting mRNA levels of Srebp-1c and FAS 31 . Soy PC and egg PC tended to have a beneficial effect on hepatic lipid levels, despite a marked difference in their fatty acid composition 32 . Our previous study demonstrated that dietary egg PC appears to alleviate the orotic acid-induced hepatic steatosis, mainly through the attenuation of hepatic TG synthesis and enhancement of fatty acid β-oxidation 33 . However, compared with egg-PC, n-3-PC can better prevent or alleviate obesityrelated disorders through the suppression of fatty acid synthesis, enhancement of fatty acid β-oxidation 34 . Therefore the beneficial effect of EPA/DHA-enriched PL is closely related to EPA/DHA. In this present study, we further confirmed the superior benefits of EPA-PC and EPA-PS in lipid metabolism. Limited storage of TG in the liver and serum in response Table 7 The main Fatty acid composition of the triacylglycerol in liver . to EPA has been observed in several studies in rodents 35 38 .
Fatty acid
Our present study showed that both EPA-PC and EPA-PS significantly decreased hepatic and serum TG levels in mice. However, there are distinct effects on serum TC and HDL-c level between EPA-PC and EPA-PS groups. Our previous study demonstrated that mice fed with HF diet containing 1 EPA-PL PC, 77 ; PE, 22 showed effectively reduction in serum TC by 10.3 and EPA-PL also reported in our present study in EPA-PC rather than EPA-PS group. Srebp-2 has been shown to reduce HDL biogenesis by repress ABCA1 40 . In the present study, the gene expression of Srebp2 was lower in EPA-PC group than in EPA-PS group. Therefore, we deduced that EPA-PC might upregulate HDL-c level by inhibiting the expression of Srebp2.
To further investigate the regulation of hepatic lipid metabolism, we analyzed the effect of dietary EPA-PC and EPA-PS on gene expression related to fatty acid synthesis and fatty acid β-oxidation. Both EPA-PC and EPA-PS decreased expression of Srebp-1c and Srebp-2 in the liver compared to the control group. It was reported that EPA ethyl ester significantly decreases the expression of Srebp1c in liver 36 . Gotoh et al. also demonstrated that the expression of Srebp-1c and ME in C57BL/KsJ-db/db mice fed with EPA-TG was lowered compared to the control group 41 . As shown in Fig. 1 , gene expression of FAS, ME, and G6PDH, which are key enzymes involved in hepatic fatty acid synthesis, were significantly decreased after EPA-PC and EPA-PS supplementation. This suggests that a decrease in lipogenesis could contribute to the protective effect of EPA. Notably, EPA-PS revealed a better effect on inhibiting ME expression than EPA-PC. The discordance probably due to the fact that ME involves both in glucose and lipids metabolism and EPA-PS may also influence the glucose metabolism, and the underlying mechanism requires further analysis. Fatty acids have been shown to be natural PPARα ligands 41 . Both SFA and unsaturated fatty acids are able to bind with PPARα, but long-chain n-3 PUFAs seem to be its most potent activators 42 . A previous study has shown that mRNA level of the PPARα was significantly upregulated by EPA-PL, compared with DHA-PL 11 . Our results also showed that both EPA-PC and EPA-PS significantly increased the hepatic mRNA level of PPARα. It has been reported that EPA increases mitochondrial and peroxisomal fatty acid oxidation 43 . Willumsen et al. demonstrated that EPA-ethyl ester increased mitochondrial fatty acid oxidation and, most plausible, also peroxisomal oxidation, as the fatty acyl-CoA oxidase activity was increased 44 . In the present study, the expression of CPT-1a and ACOX1 was increased in the EPA-PL group. Similar elevation of ACOX1 mRNA was observed between EPA-PC and EPA-PS group though it has statistical differences p 0.05 .
Dietary EPA supplementation in high-fat fed mice showed a higher accumulation of DHA in liver 29, 45, 46 . Shirouchi et al. investigated the effect of n-3 PUFAs EPA,12.0 ; DHA, 28.1 containing PC on obesity-related disorders, which also showed that EPA and DHA levels were markedly increased by n-3 PUFAs-PC diet, compared with the egg-PC diet 47 . Our previous study suggested that the PL form of n-3 PUFAs the ratio of DHA to EPA, 2.6:1 increased DHA concentration in liver 7, 11 . Furthermore, rats orally administered with DHA-PC and DHA-PS containing water for 4 days showed that DHA level in the liver, serum and brain was similar between the two groups 48 .
Ohkubo also demonstrated that there were no significant differences between DHA-PC and DHA-PS groups in serum and hippocampal PS and DHA ratio 49 . In the present study, we found that EPA-PC and EPA-PS have diverse effects on the concentration of hepatic DHA, which was significantly higher in mice fed with EPA-PS than EPA-PC especially in the composition of PL , despite the similar proportion of DHA in the two groups. Overall, we suggest that both EPA-PC and EPA-PS can suppress hepatic fatty acid synthesis and enhance hepatic fatty acid β-oxidation. These data are the first to indicate that EPA-PS has beneficial effects on metabolic disorders.
